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5.	 We	 show	 that	 cumulative	 effects	 of	 repeated	 disturbances—not	 just	 the	 time	
communities	have	had	to	recover	before	sampling—alter	communities,	especially	
by	disproportionately	affecting	 rare	 taxa.	Thus,	 the	 timing	of	past	disturbances	
can	have	knock-on	effects	that	determine	how	a	system	will	respond	to	further	
change.
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1  | INTRODUC TION
Disturbances	 can	 have	 strong	 effects	 on	 multiple	 levels	 of	 the	




alized	as	 two	separate	but	 related	effects:	 the	cumulative	effects	
of	repeated	disturbances,	and	different	time	since	last	disturbance	














turbance—or	 successional	 state—on	 communities,	 because	 com-
munity	 composition	 changes	 as	 communities	 recover	 (Clements,	
1916;	Gleason,	1917).	More	frequently,	disturbed	systems	have,	at	
any	 point	 in	 time,	 also	 usually	 been	 disturbed	more	 recently,	 and	
thus	 are	 at	 different	 stages	 of	 recovery	 when	 sampled	 (Death	 &	
Winterbourn,	1995).	These	communities	 therefore	reflect	 the	sum	
of	 differential	 vulnerability	 of	 taxa	 to	 filtering	 events,	 and	 taxon-






turbance	 frequency,	 and	 climate	 change	 is	 causing	 more	 fre-
quent	flooding	and	drought	(Huntington,	2006).	Consequently,	
many	communities	are	being	subjected	to	disturbance	regimes	
outside	of	 their	 historical	 norms.	 In	 streams,	 hydrological	 dis-
turbances	are	among	the	most	important	drivers	of	community	
composition	 (Death	 &	 Zimmermann,	 2005;	 Stanley,	 Powers,	
&	 Lottig,	 2010).	 Flooding	 and	 resulting	 streambed	 movement	
impact	 organisms	 directly	 by	 inducing	 dislodgment	 and	 mor-
tality	 (Holomuzki	 &	 Biggs,	 2000;	 Lake,	 2000),	 and	 indirectly	
through	 the	 removal	 of	 basal	 food	 resources	 (Zimmermann	&	
Death,	 2002)	 and	 by	 influencing	 the	 strength	 of	 competition	
and	predation	(McAuliffe,	1984).	Although	many	stream	organ-




turbances	 are	 often	 reliant	 on	 life-history	 transitions	 that	 are	
synchronized	 to	 either	 seasonally	 predictable	 disturbance	 re-
gimes	or	 environmental	 cues	 prior	 to	 the	 peak	of	 disturbance	
effects	 (Lytle,	 Bogan,	 &	 Finn,	 2008).	 Increasing	 frequency	
and	 intensity	 of	 hydrological	 extremes	 with	 climate	 change	
(Huntington,	 2006;	 Palmer	 &	 Räisänen,	 2002)	 may	 not	 be	 in	
accordance	with	the	environmental	conditions	under	which	dis-
turbance-adapted	 stream	 taxa	have	evolved	 (Boersma,	Bogan,	
Henrichs,	 &	 Lytle,	 2013;	 Lytle	 &	 Poff,	 2004)	 and	 are	 likely	 to	
have	important	community	and	ecosystem-level	consequences,	
such	 as	 intensification	 of	 predation	 rates	when	habitat	 size	 is	
reduced	 in	refugia	 (Woodward	et	al.,	2016).	Thus,	 increases	 in	




F I G U R E  1  Experimental	design	and	schematic	of	treatments.	Stream	mesocosms	(right)	contained	gravel,	sampling	baskets,	and	leaf	
bags.	They	were	manually	disturbed	(hand	symbol)	either	1,	2,	3,	4,	or	8	times	in	the	29-day	initial	manipulation	period	(m,	August	2014)	then	
left	to	recover	for	9	days	(r)	to	equalize	time	since	last	disturbance	across	treatments
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We	 focused	 on	 the	 effects	 of	 repeated	 disturbances	 using	 in-
situ	mesocosms	subjected	to	simulated	flood	disturbances,	allowing	
precise	 control	 of	 disturbance	 frequency	 and	 time	 since	 last	 dis-






responses	of	 individual	 families.	Having	the	 last	disturbance	occur	
on	the	same	date	enabled	us	to	address	the	influence	of	disturbance	
frequency	on	community	composition	without	the	confounding	in-
fluence	of	 recovery	 status.	We	hypothesize	 that	 increasing	distur-
bance	frequency	will	lead	to	a	corresponding	loss	of	individuals	and	
taxa,	 as	 progressively	more	disturbance-intolerant	 taxa	 are	 lost	 in	















enough	 to	 allow	 passage	 of	most	 animals	 except	 large	 fishes	 (e.g.,	
alewife	 and	 salmonids);	 small	 fish	 (black-nosed	 dace)	 and	 crayfish	
(F:	Cambaridae)	over	5	cm	long	were	observed	within	the	channels.	
Fifteen	channels	were	secured	with	steel	rebar	to	the	streambed	on	


























environment	 through	 time.	All	 channels	were	 then	disturbed	once	














dataset.	 Fragments	 indicated	 that	 oligochaetes	 were	 broadly	 dis-
tributed	across	treatments	but	occurred	 in	 low	abundance,	so	 it	 is	
unlikely	their	exclusion	from	our	dataset	would	have	altered	the	out-
come	of	our	analyses.













We	 analyzed	 the	 effects	 of	 disturbance	 frequency	 on	 taxon	
richness,	evenness,	and	total	abundance	using	linear	mixed	effects	
models	(package	nlme	in	R).	We	regressed	the	response	variables	
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from	 mixed	 effects	 models	 (following	 Nakagawa	 &	 Schielzeth,	
2013).	In	practice,	because	undisturbed	channels	were	subject	to	
the	standardized	disturbance	that	began	the	period,	the	frequency	
of	 disturbance	 varied	 from	 1	 to	 8	 among	 the	 five	 treatments.	
Response	variables	were	transformed	in	a	manner	appropriate	to	










frequency	 (5-level	 factor)	 and	 experimental	 block	 as	 constraining	
factors.	Permutation	tests	(999	iterations)	of	the	reduced	model	in-
dicated	significant	effects	of	both	block	(F2,8	=	2.85,	p	<	0.002)	and	
disturbance	 frequency	 (F4,8	=	2.54,	p	<	0.003)	 on	 community	 com-






pronounced	 responses	 in	 rare	 taxa	 and	 no	 detectable	 response	
within	 the	 overwhelmingly	 dominant	 taxon.	 Total	 abundance	 did	
vary	significantly	with	disturbance	frequency,	but	the	effect	size	was	
small	(slope	=	−0.07,	p	=	0.048,	R2	=	0.69;	Figure	2a).	However,	when	
the	most	dominant	 taxon,	 chironomid	midges	 (73%	of	abundance)	
were	removed	from	analyses,	we	observed	a	stronger	decline	in	the	
abundance	 of	 non-chironomid	 taxa	 (mites,	 snails,	 and	 the	 remain-
ing	 26	 insect	 families)	 with	 disturbance	 frequency	 (slope	=	−0.18,	
p	=	0.002,	R2	=	0.74;	Figure	2b).
The	 dominant	 taxon,	 Chironomid	 midges,	 showed	 no	 abun-
dance	 trend	 with	 disturbance	 frequency	 (p = 0.436),	 though	 their	
abundance	 before	 the	 final	 disturbance—that	 is,	when	 treatments	
also	differed	in	time	since	the	last	disturbance—showed	a	negative	
relationship	with	 disturbance	 frequency	 (slope	=	−0.22,	 p = 0.004,	
R2	=	0.49;	Figure	3),	 indicating	that	time	since	last	disturbance	was	
the	main	determinant	of	 the	abundance	of	 the	dominant	 taxon.	 In	




damselflies	were	 affected	 by	 disturbance	 frequency	 (p	=	0.32	 and	
p = 0.80,	 respectively).	 The	 remaining	 taxa	 (Table	 S1)	 that	 encom-
passed	 only	 4%	 of	 individuals	were	 also	 strongly	 affected	 by	 dis-
turbance	 (slope	=	−0.21	 p	=	0.005,	 R2	=	0.63).	 Twelve	 of	 the	 29	
invertebrate	taxa	observed	were	singletons.
Partial	 redundancy	 analysis	 provided	 further	 support	 for	 sig-
nificant	 compositional	 changes	 under	 increased	 disturbance	 fre-
quency	 (Figure	 4;	 Permutation	 ANOVA,	 F4,8	=	2.54,	 p	=	0.005).	
Channels	 subject	 to	 only	 one	 disturbance	were	 characterized	 by	
heptageniid	mayflies,	several	trichopteran	families,	and	numerous	
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other	taxa,	whereas	communities	subject	to	high	disturbance	fre-
quencies	consisted	mostly	of	chironomids	(Figure	4).	Baetidae	and	
Zygoptera	 were	 abundant	 in	 moderately	 disturbed	 treatments	
(Figure	4).
Rarefied	 taxonomic	 richness	 declined	 significantly	 as	 distur-
bance	 frequency	 increased	 (slope	=	−0.29,	 p = 0.020,	 R2	=	0.35;	
Figure	2c).	Disturbance	frequency	had	a	marginally	non-significant	
effect	on	 taxonomic	evenness	 (Figure	2d),	with	a	general	 trend	of	
declining	evenness	with	greater	disturbance	frequency.
Fine	particulate	organic	matter	(the	basal	resource)	was	strongly	
affected	 by	 disturbance	 frequency	 on	 29th	 August,	 prior	 to	 the	
final	 disturbance	 (slope	=	−0.21,	 p < 0.001,	 R2	=	0.76;	 Figure	 5b).	
However,	 this	 pattern	was	 no	 longer	 apparent	 on	 7th	 September	
following	 the	 standardized	 disturbance	 that	 reset	 communities	 to	




Our	 experiment	 shows	 that	 even	 when	 communities	 were	 last	
disturbed	 at	 the	 same	 point	 in	 time,	 their	 frequency	 of	 past	 dis-
turbances	 leaves	 a	 legacy	 on	 community	 composition	 by	 dispro-
portionately	 affecting	 rare	 taxa.	 Several	 studies	 have	 quantified	
the	cumulative	effect	of	disturbance	frequency	and	time	since	last	
















by	changing	 the	 intrinsic	habitat	 suitability	 through	 the	direct	and	
indirect	effects	of	disturbance	events.
4.1 | Influence of disturbance frequency on 
abundance of taxa
One	of	the	main	community-level	effects	of	disturbances	is	a	re-




tension	 is	 that	 a	 series	of	 disturbances	might	 reduce	 abundance	
more	 than	 a	 single	 disturbance	 event.	 This	 hypothesis	was	 sup-
ported	by	a	slight,	but	significant,	reduction	in	overall	abundance	
with	 increasing	 disturbance	 frequency	 at	 the	 community	 level	





of	 the	 remaining	 taxa	 (mites,	 snails,	 and	 the	 remaining	26	 insect	
families)	decreased	strongly	with	disturbance	 (Figure	2b)	and	we	
observed	 significant	 variation	 in	 community	 composition	 across	
the	 gradient	 of	 disturbance	 frequency	 (Figure	 4).	 This	 suggests	
that	vulnerability	to	repeated	disturbances	varies	among	taxa	and	
was	 evident	 across	 the	 broader	 range	 of	 species	 present	 in	 this	
community.	Moreover,	 the	 response	of	dominant	 taxa	may	mask	
the	magnitude	of	the	complex,	taxon-specific	responses	occurring	





they	are	unaffected	by	 the	 stressors	 that	occur	during	 the	distur-
bance	 event,	 or	 resilient,	 in	 that	 their	 populations	 recover	 quickly	
(Pimm,	1984).	Data	collected	 immediately	prior	 to	 the	 final	distur-
bance,	when	 time	since	 last	disturbance	also	varied,	 show	a	sharp	
decline	in	chironomid	density	with	increasing	disturbance	frequency	
whereas	data	collected	9	days	later	at	the	final	sampling	date	show	
no	 trend	 (Figure	 3).	 This	 indicates	 that	 chironomid	 densities	 are	
more	 influenced	by	colonization	 in	 the	 time	since	 last	disturbance	
than	resistance	to	the	cumulative	impacts	of	repeated	disturbances.	
Numerically	 dominant	 species	 tend	 to	 have	 smaller	 body	 sizes	
(Cohen,	Jonsson,	&	Carpenter,	2003),	as	in	chironomids	here—which	
can	also	be	associated	with	fast	recolonization,	growth,	and	repro-




Whigham,	 Hazelton,	 Gallagher,	 &	 Weiner,	 2015),	 suggesting	 the	
overriding	 influence	of	colonization	 rate	on	disturbance	responses	
may	be	a	general	phenomenon.	 In	addition,	 the	same	pattern	was	




multiple	 disturbance	 events	 in	 the	 less	 common	 taxa.	 The	 second	




to	 allow	 some	 individuals	 to	 survive—but	 they	were	 vulnerable	 to	
repeated	 substrate	disturbance.	 Studies	of	heptageniids	 in	natural	
spates	 have	 shown	 that	 individuals	 <2	mm	 were	 among	 the	 taxa	
most	affected	by	a	single	flood,	but	also	that	their	abundances	re-
covered	 to	 pre-flood	 values	 within	 8	days	 because	 smaller,	 early-
instar	 individuals	 replaced	 the	previous	 residents	 (Maier,	 2001).	 If	
smaller	individuals	are	less	resistant	to	disturbance,	and	are	replaced	




viduals	sampled	 in	this	experiment	were	 less	than	2	mm	in	 length,	
and	the	early	instars	of	many	taxa	display	higher	dispersal	rates	than	
their	older	and	 larger	conspecifics	 (Hieber,	Robinson,	&	Uehlinger,	
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2003).	Future	studies	including	body	size	might	elucidate	the	drivers	
of	disturbance	responses.
Like	 heptageniid	mayflies,	 rare	 taxa	 (~4%	 of	 total	 abundance),	
also	declined	with	disturbance	frequency.	This	suggests	that	many	
of	these	taxa	were	able	to	survive	a	single	disturbance,	but	that	each	









4.2 | The relationship between diversity and 
disturbance frequency
The	 differential	 susceptibility	 of	 taxon	 abundance	 to	 disturbance	
was	reflected	in	the	decline	in	rarefied	family-level	richness	in	more	
frequently	disturbed	communities	(Figure	2c).	The	time	to	local	ex-
tirpation	 depends	 on	 the	 magnitude	 of	 disturbance	 effects,	 how	
frequently	disturbances	occur,	 and	whether	a	population's	growth	







There	 is	 also	 strong	 experimental	 evidence	 that	 deterministic	
processes	linked	to	species'	traits,	such	as	growth	rate,	produce	dif-
ferential	 susceptibility	 to	 frequency	 and	 intensity	 of	 disturbances	
(Haddad	et	al.,	2008).	This	is	supported	by	the	theoretical	negative	





were	 most	 susceptible	 (Maier,	 2001).	 Data	 with	 higher	 temporal	






has	 shown	 a	 significant	 negative	 effect	 of	 disturbance	 frequency	
per	 se	 on	 taxonomic	 richness	 when	 the	 confounding	 influence	





taxonomic	 losses,	 because	 traits	 are	 generally	 highly	 conserved	
within	aquatic	 invertebrate	families.	 (Poff	et	al.,	2006).	For	exam-
ple,	 functional	 feeding	groups	 for	 aquatic	macroinvertebrates	are	









flecting	 changes	 in	 abundance	 over	 successional	 time.	 Therefore,	
our	 novel	 result	 expands	 on	 previous	 findings	 (Lake	 et	 al.,	 1989;	
McCabe	&	Gotelli,	2000)	and	has	explicitly	shown	that	disturbance	






4.3 | Disturbance frequency as a mechanism 
structuring communities
Though	 it	 is	 apparent	 that	 richness	 and	 the	 abundance	 of	 many	
taxa	decreased	with	disturbance	 frequency,	we	did	not	 explicitly	
test	 the	mechanisms	behind	 this	decline.	Disturbance	can	act	on	
invertebrates	 in	 a	 patch	 either	 directly	 by	 inducing	 downstream	
drift	or	 causing	mortality	 (Matthaei,	Uehlinger,	&	Frutiger,	1997),	
or	indirectly	by	affecting	resources	(Death	&	Zimmermann,	2005)	
that	 can	 also	 alter	 patterns	 of	 competitive	 exclusion	 (McAuliffe,	
1984).	Our	study	stream	is	heavily	shaded	in	the	summer	and	con-
tains	 high	 amounts	 of	 fine	 particulate	 organic	matter	which	was	
entrained	 by	 gravel	within	 days	 of	 installation	 of	 fresh	 channels.	








chironomids	 that	 primarily	 feed	 on	 fine	 detritus	 (Romito,	 Eggert,	
Diez,	&	Wallace,	2010)	showed	no	legacy	of	disturbance	frequency.	
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5  | CONCLUSIONS
This	 study	 provides	 direct	 evidence	 that	 disturbance	 frequency	
affects	 community	 composition	 through	 cumulative	 stresses	 as-
sociated	with	repeated	disturbances.	Although	numerous	experi-




since	 last	disturbance,	our	experiment	 revealed	 that	disturbance	
frequency	 itself	 can	 affect	 diversity—even	detectable	 on	 coarse	
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